Abstract: Glioblastoma multiforme (GBM) is an extremely malignant type of brain cancer which originates from astrocytes or their precursors. Glioblastoma multiforme cells share some features with astrocytes but are characterized by highly unstable genomes with multiple driver mutations and aberrations. Effective therapies for GBM are lacking and hardly any progress has been made in the last 15 years in terms of improving the outcomes for patients. The lack of new especially targeted anti-GBM medications has prompted scientists in academia around the world to test whether any of the currently approved drugs might be used to fight this devastating disease. This approach is known as repurposing. Dozens of drugs have been reported to have anti-GBM properties in vitro but there is no solid evidence for the clinical efficacy of any of them. Perhaps the most interesting group of those repurposed are tricyclic antidepressants but the mechanism of their action on GBM cells remains obscure. In this brief review we consider various approaches to repurpose drugs for therapy of GBM and highlight their limitations. We also pay special attention to the mitochondria, which appear to be intimately involved in the process of apoptosis and could be a focus of future developments in search of a better treatment for patients suffering from GBM.
Introduction
Glial cells are an essential component of the mammalian brain and are primarily responsible for its homeostasis. In contrast to neurons, which are terminally differentiated cells where genes responsible for cell division are methylated and essentially inactive, glial cells are much more plastic and even in the human brain they probably can divide, albeit seldomly. This can be seen particularly clearly in case of a mechanical brain trauma, leading to the formation of the so-called glial scars, areas densely populated by astrocytes which show signs of "reactivity". This implies that the parts of the genome required for cell division are accessible in astrocytes, which makes oncogenic transformation of these cells fundamentally possible. Stochastic mutations in genes which control replication eventually trigger uncontrollable division of these cells and formation of a tumor. These tumors can be more or less malignant. The least malignant are low-grade astrocytomas, which in many cases can be treated surgically. Unfortunately, in many patients, multiple mutations and chromosomal aberrations combine, creating increasingly aggressive pools of cells and transformation into glioblastoma multiforme (GBM).
Glioblastoma multiforme is the most common central nervous system (CNS) tumor [1] . There are around 2200 people diagnosed with GBM every year in England, accounting for 55% of malignant Table 1 . Some of the drugs suggested for repurposing as glioblastoma multiforme (GBM) therapeutics and their proposed mechanisms of action.
Agent Proposed Anti-GBM Mechanism Existing Indication and Main Mechanism (If Known) Reference
Nelfinavir PI3K-Akt signaling inhibition HIV protease inhibitor [11] Cimetidine Immunomodulation Peptic ulcers (Histamine H2 blocker) [12] Diclofenac Prostaglandin synthesis inhibition Inflammation and pain (COX-2 inhibitor) [13] Nitroglycerin Nitric oxide donor Angina [14] Thioridazine Induces autophagy and upregulates AMPK activity Flupenthixol Dopamine receptor modulation Antipsychotic (typical anti-D 2 -agent) [18] Mebendazole Tubulin polymerization inhibition Nematode infestations [19] Disulfiram Proteasome and alcohol dehydrogenase inhibition Alcoholism [20] Valproic acid Histone deacetylase inhibition Epilepsy [21] Levetiracetam MGMT activity inhibition Epilepsy [22] Methadone cAMP reduction Severe pain, opioid agonist [23] Sulfasalazine NF-κB activity suppression Inflammatory bowel disease [24] Captopril Angiotensin-converting enzyme inhibitor Hypertension [25] Nicardipine EGF and calcium channel antagonism Hypertension and angina [26] Mibefradil T-type calcium channel inhibition Hypertension and angina [27] Prazosin AKT pathway inhibition Hypertension [28] Nimodipine Calcium channel antagonism Hypertension and angina [29] Minocycline Apoptosis and autophagy Antibiotic has multiple known central side effects [30] Quinidine Ornithine decarboxylase activity inhibition Heart arrhythmia [31] Accutane Reduction of EGFR activity Acne (13- Already a quick look at Table 1 suggests that there is very little commonality between the proposed drugs or their suggested mechanisms of action. Moreover, for all these drugs, evidence for their clinical anti-GBM efficacy is weak or lacking altogether. Often anti-GBM effects are reported based on in vitro tests on cultured GBM cells, which in many cases are commercially available lines, which have been in vitro for decades and therefore perhaps are hardly representative of the real biology and genetics of the GBM. It is also noticeable that many of the drugs proposed for therapy of GBM have not been shown to cross the blood-brain barrier (GBM core might have leaky barrier but it the periphery it is probably still sufficiently tight). Importantly, many studies used drugs in vitro without much regard to what is known about the biologically relevant concentrations in humans, or the effect of these chemicals on normal cells at the same concentrations at which they had a negative effect on the GBM. An example of these issues is the reported antiproliferative effect of quinidine which was demonstrated using C6 cell line and a high concentration of the drug, half maximal effective concentration (EC 50 ) = 112 µM [31] . For reference, an average therapeutic plasma concentration of quinidine is 1.68 µg/mL [37] , which equals to 2.5 µM when converted to molar concentration. This is just one of many studies with the same limitation. It seems logic that even if an anti-GBM effect of a drug can be demonstrated, one would expect the malignant cells to be more sensitive to such an effect, than the healthy ones. However, studies where accurate comparisons have been made are extremely rare.
Some scientists believe that combination of many repurposed drugs can be advantageous. Kast et al. [38] developed the Coordinated Undermining of Survival Paths protocol, known as CUSP9, based on a combination of nine repurposed drugs which are to be combined with continuous low dose TMZ administration. It was expected to augment the clinical efficacy and tolerability of TMZ. Patients in Belgium are currently being recruited to take part in a phase I clinical trial of this CUSP9 protocol. The primary completion date of this study is March 2019. In theory, combinations of drugs could improve their efficacy but equally their side effects could combine. It remains to be seen whether CUSP9 will be any more successful that previous attempts.
Below we further discuss some commonly used drugs in clinical practice that have been tested on GBM for possible repurposing and try to illustrate some of the limitations of this research.
Biguanides: Metformin and Phenformin
Metformin is one of the most commonly prescribed drugs in clinical practice. It is used to treat type II diabetes, polycystic ovary disease, and metabolic syndrome [39] . The use of phenformin has been discontinued because of its side effects.
Biguanides are known to inhibit gluconeogenesis in the liver and stimulate glycolysis by altering the activity of different enzymes involved in these pathways [39] . They also improve the sensitivity of insulin receptors in skeletal muscle cells and enhance insulin-mediated glucose uptake through enhanced activity and translocation of glucose transporters, such as glucose transporter type-4 [39] . Moreover, biguanides increase circulating levels of glucagon-like peptide-1 (GLP-1) and stimulate expression of GLP-1 receptor in the pancreas. GLP-1 increases insulin secretion and decreases glucagon secretion [39] . All these effects are either directly or indirectly related to biguanides' inhibitory effect on complex I of the mitochondrial electron transport chain, reducing ATP and increasing adenosine monophosphate (AMP) production and AMP-activated kinase activity [39] . This effect is stronger with phenformin, thus the higher incidence of side effects, i.e., lactic acidosis [39] .
Anti-cancer properties of biguanides were first demonstrated with metformin on pancreatic, breast, and lung cancer [40] [41] [42] [43] . Metformin was also found to inhibit proliferation, induce apoptosis, and reduce cell adhesion and invasion of GBM [44] [45] [46] [47] [48] . Likewise, phenformin was found to inhibit proliferation of glioma stem cells (GSCs), impair sphere formation, decrease stemness, and induce apoptosis [49] .
Some of the proposed mechanisms for the antitumor effect of biguanides include: (1) activation of AMPK which leads to blockade of Rheb (Ras homolog enriched in brain)-mTOR (mammalian target of rapamycin) pathways of protein synthesis and cellular growth and activation of tumor suppressor gene p53 [39] , (2) reduction of available insulin which reduces the activity of insulin-like growth factor-1 (IGF-1) anabolic pathway [39] , (3) suppression of Febulin-3 and Matrix Metalloproteinase-2 expression [44] , (4) stimulation of the expression of tumor suppressor micro RNA (miRNA) Lethal-7 [49] . Anticancer effects of metformin described above were achieved using millimolar concentrations of the drug. Lower concentrations either failed to show statistical significance or did only affect a few (1 of 5) glioma cell lines tested [46, 47] . The commonly used concentrations are much higher than average plasma concentration for diabetes treatment; 0.86 mg/L (6.6 µM) [50] . In fact, plasma concentrations exceeding 2.5 mg/L (20 µM) are associated with the risk of lactic acidosis [50] .
Statins: Atorvastatin, Lovastatin, Simvastatin, and Pravastatin
Statins are 3-hydroxy-3-methyl-glutaryl-coenzyme A reductase (HMG-CoA-R) inhibitors, which are prescribed for their lipid-lowering effect. They inhibit the rate limiting step in the mevalonate pathway in hepatocytes, leading to decreased de novo cholesterol synthesis, intracellular lipid stores, and circulating low-density lipoproteins [51] .
The reduction in availability of downstream products of the mevalonate pathway is thought to be a key mechanism for the observed growth inhibiting effect of different statins on different cancer cell types including glioma cells [51] [52] [53] [54] [55] [56] [57] [58] . Downstream products of the mevalonate pathway are important for prenylation (activation) of cellular proteins Ras, Rho, and Rac, which are small GTPases critical for regulation of cell growth and survival [51] . Other proposed mechanisms include induction of apoptosis and inhibition of cell migration: Apoptosis may be induced by altering the cellular response to stress through the Jun N-terminal kinase (JNK)-dependent cell death pathway [59] , by indirectly activating Caspase-3 [56, 57] , or by decreasing the expression of antiapoptotic proteins such as Bcl-2 and upregulating the expression of proapoptotic proteins such as Bax and Bim [52] . Cellular migration and invasion may be inhibited through inactivation of focal adhesion kinase (FAK) [60] , or decreasing the amount of extracellular matrix-degrading enzymes and matrix metalloproteinases released from microglia into the glioma environment [61] . Atorvastatin was also suggested to decrease the expression of proinflammatory proteins and interleukins (IL) [57] .
Therapeutic lipid-lowering doses of statins range between 5-80 mg/day and produce plasma concentrations that range from approximately 2 to 15 nM [62] . However, statin concentrations employed in the above-mentioned in vitro experiments commonly ranged between 1-10 µM. The lower end of this range is already 100-fold higher than the average therapeutic plasma concentration of statins in human. One may also wonder why, if these drugs under realistic in vivo conditions inhibit Ras, Rho and Rac signaling, they do not lead to general toxicity, which would have prevented their wide-spread use.
Antimicrobial Agents: Dapsone and Nitroxoline
Dapsone is one of three antibiotics used as first line treatment for leprosy [63] . It is also used to treat dermatitis herpetiformis, malaria, and as a disease-modifying anti-rheumatoid drug [64] . Dapsone is bactericidal and bacteriostatic. It works by inhibiting folic acid synthesis in bacteria [63] . For noninfectious indications, dapsone is used for its ability to inhibit synthesis or function of immune chemotactic factors which impairs functions of neutrophils and limits neutrophil-induced tissue destruction [63] .
A recent study has shown that dapsone and dapsone derivatives inhibit glioma cells' anchorage-independent growth (colony formation) and impair glioma cell migration [65] . The authors hypothesized that the antineoplastic effect of dapsone is mediated by inhibition of IL-8. Interleukin-8 is well recognized as growth-promoting and pro-angiogenic factor in many cancer types [64] . By inhibiting IL-8, dapsone impairs neutrophil chemotaxis and migration, and interferes with neutrophil-dependent delivery of vascular endothelial growth factor to glioma cells [65] . In vitro antineoplastic effects of dapsone were achieved using concentrations ranging from 10 to 50 µM, which are slightly higher than average therapeutic molar plasma concentration of dapsone (2-20 µM, calculated from the reported concentration range of 0.5 to 5 mg/L) [66] .
Nitroxoline (5-nitro-8-hydroxy-quinoline) is a quinoline-based antibiotic that is FDA approved for treatment of urinary tract infection [67] . Nitroxoline is bactericidal and/or bacteriostatic depending on the type of microorganism [68] . Generally, its mode of action depends on its ability to chelate divalent cations and disrupt the organization of the bacterial cell wall [69] . Nitroxoline has been tested against different types of neoplasia, including bladder, gastrointestinal, lung and breast cancers [67, 70, 71] .
Nitroxoline has been shown to have anti-angiogenic properties. A screen of a library of 175,000 compounds has identified nitroxoline as an inhibitor of methionine aminopeptidase 2 (MetAP-2), which it inhibited in a dose-dependent fashion, with half maximal inhibitory concentration (IC 50 ) = 54.8 nM [71] . Inhibiting MetAP-2 suppresses endothelial cell proliferation. Nitroxoline was also found to inhibit non-cancerous Human Umbilical Vein Endothelial Cells proliferation dose-dependently with IC 50 = 1.9 µM [71] . In vivo, 60 mg/(kg·day) of nitroxoline was able to inhibit neovascularization in breast cancer [71] and bladder cancer xenografts [67] . This dose for mice is equivalent to the common antimicrobial dose used in human (750 mg/day) [67] .
Another mechanistic theory explains the anti-cancer effect of nitroxoline through its inhibitory effect on cathepsin B. Cathepsin B is an enzyme which degrades extracellular matrix enabling invasion, migration, and metastasis of tumor cells. Cathepsin B is found in higher concentrations in invading edges of tumors including glioma tumors [72] . Nitroxoline at concentrations ranging from 0.1-100 µM was shown to reversibly inhibit cathepsin B [73] .
In relation to GBM, nitroxoline inhibited growth of U251 and U87 glioma cell lines, induced cell cycle arrest at G 0 /G 1 , induced apoptosis and decreased invasion in vitro in a dose-dependent manner [74] . Toxic concentrations ranged from 5 to 100 µg/mL (≈26 to 520 µM) [74] . In vivo, a specific strain of genetically engineered mouse (PTEN/KRAS mouse, where PTEN is deleted in astrocytes and human Kirsten rat sarcoma viral oncogene homolog KRAS is overexpressed) which spontaneously develops grade III glioblastomas were injected intraperitonially with 80 mg/(kg·day) nitroxoline. Magnetic Resonance Imaging taken on days 0, 7, and 14 after treatment showed a significant decrease in tumor sizes in treatment group compared to controls [74] . Immunohistochemical staining of brain slices for TUNEL (terminal deoxynucleotidyl transferase dUTP nick end labeling assay of apoptosis), revealed significantly more apoptotic cells in treated mice than control mice [74] . It is important to remember that this study used "long term" GBM cell lines which are in many ways different to the cellular populations found in human GBM patients. There is also no good evidence for nitroxoline to accumulate in the brain.
Quinolines: Chloroquine and Quinidine
Since 1947, chloroquine has been used to treat malaria infection. It is also used to treat symptoms of some connective tissue disorders, such as systemic lupus erythematosus and rheumatoid arthritis [75] .
Quinolines are widely investigated as adjuvant therapy in cancer treatment [76] . They are believed to inhibit lysosome-dependent autophagy and improve chemo and radio sensitivity [76] . Some of the most recent publications on this matter included breast cancer [77] , pancreatic cancer [78, 79] , lung cancer [80] , colon cancer [81] , and bladder cancer [82] .
Chloroquine was found to increase GBM cells' sensitivity to TMZ by inhibiting autophagy and increasing the production of reactive oxygen species induced by TMZ [83] [84] [85] [86] . Golden et al. have demonstrated this effect in vivo in mice bearing human glioma xenografts, with concentrations similar to therapeutic concentrations used for the original indication of the drug (10 mg/kg of chloroquine) [83] . Chloroquine was also reported to potentiate radiation induced apoptosis in GBM cells [87] [88] [89] . It seems that the anti-GBM effect of chloroquine deserves more focus, especially as a supplement to TMZ.
Antidepressants
Antidepressants often receive special attention as putative anti-GBM agents. Serendipity played a part in their appearance in this field because many cancer and GBM patients are prescribed antidepressants against depression which is a common comorbidity. Depression is not only a result of the psychological burden of the diagnosis but is a consequence of the standard treatment procedures. Interest to the anti-GBM potential has been motivated by findings from retrospective studies such as the large-scale epidemiology study conducted by Walker et al. [90] , who found an inverse association between treatment with tricyclic antidepressants (TCA) and the incidence of GBM. Antidepressants have several features which are expected for drugs which could be potentially retargeted towards GBM. They are small and lipid soluble molecules which cross the blood-brain barrier and sequester in the brain in relatively high concentrations. In addition, these drugs are relatively nontoxic and induce few serious side effects.
Many studies investigated the possibility of repurposing antidepressants for GBM treatment. Levkovitz et al. [91] studied the effect of several different antidepressants on apoptotic markers in both glioma C6 and neuroblastoma SH-SY5Y cell lines. They reported that paroxetine and fluoxetine, two serotonin selective reuptake inhibitors (SSRIs), and clomipramine, a TCA, caused apoptosis in both cell lines. Interestingly, the toxic effect of clomipramine on C6 cells developed in almost all-or-nothing manner. At 12 µM there was hardly any toxicity while at 25 µM the effect was already maximal. Similarly, with fluoxetine there was little toxicity at 25 µM but 50 µM had a strong negative effect on viability. This is consistent with the results from a much earlier study in the C6 cell line, showing that fluoxetine caused DNA fragmentation, which is a major known step in apoptosis [92] . Similarly, Liu et al. [93] reported that fluoxetine suppressed the growth of GMB cell lines. The effective concentration of fluoxetine in that study was 25-30 µM in vitro. The authors explained this effect by activation of the intrinsic apoptotic pathway (see below). In vivo, fluoxetine strongly suppressed growth of tumors from U87 implants in the brains of Nu/Nu mice when administered daily at 10 mg/kg orally. Its effect was comparable to that of TMZ at 5 mg/kg intraperitonially. This study illustrates a stark contrast between the available models of GBM and clinic, where fluoxetine has never shown such potency against GMB. Fluvoxamine, another SSRI, at 40 µM was able to suppress migration and invasion of human GBM cell lines (A172, U87-MG, and U251-MG) [94] . This effect was accompanied by inhibition of FAK/Akt mTOR pathway activity. Regarding the feasibility of the concentrations of fluoxetine and other TCA used in anti-GBM studies, human data suggest that they do accumulate in the brain, reaching remarkably high concentrations, up to 10 µg/ml, which converts to approximately 20-30 µM [95, 96] . Bielecka-Wajdman et al. [97] examined the influence of six different antidepressants on the phenotypic signature and viability of GSCs isolated from a human GBM cell line. In that study only imipramine and amitriptyline significantly altered cell viability. Imipramine and amitriptyline were most effective in reducing quantity and expression of various stem cell markers, thus silencing the GSC profile. Jeon et al. [98] also used two different GBM cell lines (U87 and C6) and reported that 40 and 60 µM of imipramine-induced cell death in GBM models but, remarkably, not normal primary rat astrocytes. The authors explain the effects of imipramine by activation of autophagy and implicate protein Beclin-1 in this process, because short hairpin RNA (sh-RNA) mediated knock-down of this protein conferred resistance to imipramine-induced cell death. Again, limitations of this study are the use of very old and hypermutated cell lines, and the use of very high concentrations of the antidepressant [98] . In yet another study, Shchors et al. [99] reported that imipramine treatment prolonged the overall survival of glioma-bearing mice by 18 days compared to that of a control cohort. These authors also concluded that TCAs induce autophagic cell death. Their explanation for this effect, however, was different to the previous two studies. The authors proposed that TCAs activate the G-protein αs subunit which, in turn, activates adenylyl cyclase resulting in an elevation of cellular cyclic adenosine monophosphate (cAMP). This was thought to induce autophagy associated cell death in glioma cells via the EPAC branch of the cAMP signaling cascade. This hypothesis was supported by an additional finding that inhibition of the purinergic receptor P2Y 12 , activation of which inhibits adenylyl cyclase, potentiated the effects of imipramine, making the combination of drugs particularly effective [99] . The problem with this explanation is that it relies on the monoamine theory for the mechanism of action of TCA which is the canonical explanation of the antidepressant effect of TCA. It poses that TCA act by inhibiting reuptake of noradrenaline and serotonin into the monoaminergic terminals from which they are released in the brain. Meanwhile in the in vitro experiments on GBM cultures there are neither monoamines, nor the terminals which could release and then reuptake them and therefore the very substrate for the "classic" monoamine-dependent action is lacking. In addition, TCAs block re-uptake of monoamines in nanomolar concentrations, which is orders of magnitude lower than what is commonly used in GBM experiments. Therefore, the effects reported in that paper require a different explanation.
The studies listed above illustrate the issues common to the literature on anti-GBM effects of TCAs (and, in fact, other repurposed drugs). These issues include: (a) use of the GBM cell lines such as C6, which have been in vitro for decades and accumulated mutations and acquired qualities which make them very different to the real tumors in human brain, (b) the use of unrealistically high concentrations of antidepressants, and (c) lack of coherency in terms of the proposed molecular targets for these drugs between different studies. Another major general limitation is the lack of an adequate model for studying toxic effects of these drugs on healthy human cells. Typically, researchers use either primary rodent astrocytes or human embryonic astrocytes. Neither of these are a close replica of mature human astrocytes or a good match for the GBM cells found in the human brain in the second half of life. Therefore, we do not know whether high concentrations of antidepressants used in GMB studies can be tolerated by healthy adult human brain cells or we are dealing with some un-specific cellular toxicity.
Are Mitochondria a Possible "Weak Spot" of Glioblastoma Multiforme?
Of many different explanations for the anti-GBM effects of repurposed drugs, one mechanism stands out. Quite a few studies by unconnected groups of researchers eventually implicate mitochondria in anti-tumor and pro-apoptotic effects, registered under different conditions (Figure 1 ). Abnormalities in mitochondrial gene regulation and metabolism in GBM are well known and have been reviewed elsewhere [100] . From the analysis presented in that review, it appears that multiple mutations of mitochondrial genes reported in various studies do not directly drive onco-transformation into the GBM but may significantly affect the properties of the individual lines or subclones of GBM cells within the same tumor. It is also important to remember that most mitochondrial proteins are encoded by nuclear DNA and it is the changes in the nuclear DNA which result in onco-transformation. Chaotization of gene expression caused by genomic instability may have an impact on the fine tuning of the reactions mediated by these nucleus-encoded proteins in the mitochondria, which depend on the supply of these proteins, possibly making GBM mitochondria more vulnerable. On the other hand, the principle of clonal selection which takes place in tumors, can lead to elimination of the GBM cells with severely dysregulated mitochondrial function. It is worth notice, that there is a paucity of information, concerning differences between mitochondria in "regular" GBM cells and GSCs [100] .
Although mitochondria have been suggested to be the key organelle to target in GBM, different studies approach this idea from completely different angles. Some authors believe that it is possible to use the ability of mitochondria to initiate apoptosis by acting on the GBM mitochondria directly with some of the repurposed drugs [101, 102] . It has also been proposed that mitochondrially induced apoptosis can be induced indirectly, via Ca 2+ overload [93] or proteasome inhibition [103] . Finally, there is evidence that mitochondrial biogenesis induced by activation of cAMP-mediated signaling can reduce malignancy of GBM cells [104] .
In normal glial cells, cellular energy is mainly produced in mitochondria through aerobic respiration [105] . Yet, metabolism starts with glycolysis, whereby glucose is converted into pyruvate with production of ATP in the cytosol. Pyruvate is then transported into the mitochondria where it is oxidized to acetyl-CoA and then used in the citric acid cycle. Unlike normal cells, GBM has a lower number of mitochondria, indicating high mitochondrial degradation activity [106] . Glioblastoma multiforme, as well as other cancer cells, are known to have active aerobic glycolysis despite the presence of normal oxygen concentrations, and rely on it, rather than on oxidative phosphorylation as the main source of energy [107, 108] . Early studies have found that this metabolic shift, known as Warburg effect, is due to mitochondrial dysfunction in many tumor cell types including glioma [109, 110] . The Warburg effect seems to be an essential feature of GBM, but to this day the exact reason for high glycolytic activity of tumor cells is unknown [111] . Possibly, cancer cells cannot fully use pyruvate due to decreased pyruvate transporter activity [106] , which transports pyruvate inside the mitochondrial matrix. Pyruvate transporters isolated from mitochondria of tumor cells are slower and have lower affinity to pyruvate than transporters isolated from normal cells' mitochondria [112] , limiting pyruvate uptake. In addition, pyruvate in mitochondria of tumor cells undergoes decarboxylation into acetaldehyde instead of oxidation [113] . Two acetaldehydes condense to form acetoin which inhibits pyruvate dehydrogenase complex so that pyruvate cannot be converted into acetyl-CoA [113] . In any case, active glycolysis is a landmark of tumors including GBM and seems to confer to them some important survival advantages, possibly by supplying actively dividing cells with new building blocks for lipids, nucleotides and proteins [111] .
Mitochondria Are the Central Hub of the "Intrinsic" Apoptotic Pathway
Apoptosis is a cascade of events that leads to programmed cell death which can be triggered by both extrinsic and intrinsic pathways (Figure 1) . The extrinsic pathway, also known as the death receptor pathway, is initiated when specific ligands bind and stimulate death receptors on the cell surface, initiating a signaling pathway eventually leading to activation of proteases, called caspases [114] . First, procaspases 8 and 10 are cleaved and activated. Next, they cleave and activate the executioner caspases 3 and 7, which start the apoptotic cascade [114] . The intrinsic pathway of apoptosis is activated by direct damage to the cell, such as metabolic failures, hypoxia, radiotherapy, and chemotherapy. In case of direct damage to DNA, upregulation of proapoptotic and downregulation of prosurvival proteins trigger the opening of the mitochondrial permeability transition pore [114] . This pore allows the release of cytochrome C. Cytochrome C binds to apoptotic peptidase activating factor-1 (Apaf-1) eventually leading to the activation of caspase 9 which, similarly to what was described above for the extrinsic pathway, leads to cleavage of the procaspases into the executioner caspases 3, 6 and 7 and triggers fatal apoptotic events [114] [115] [116] . Another factor released by mitochondria into the cytoplasm is Smac, which blocks the function of inhibitor of apoptosis proteins, thus facilitating activation of the executioner caspases [114] .
Abnormalities in both apoptotic pathways are usually found in GBM. The extrinsic pathway is inhibited by developing resistance to TRAIL apoptosis cascade (apoptosis triggered by Tumor necrosis factor-Related Apoptosis-Inducing Ligands) in glioma [117] . This apoptotic resistance may result from suppression by mammalian target of rapamycin (mTOR), which is closely associated with cell proliferation and growth [118] .
In the intrinsic pathway, inhibitors of apoptosis proteins are overexpressed in human malignant glioma cells [119] . Immunostaining of the mitochondria in human glioma cell lines showed that the prosurvival Bcl-2 protein is upregulated. This pathway may suppress apoptosis in GBM cells after DNA damage [120] . It has been also reported that more than 90% of human GBM samples exhibit elevated levels of pro-survival Bcl-2 such as 12 (BCL2L12) protein which suppresses the executioner caspases 3 and 7 directly [121] . Other studies show elevated levels of prosurvival Bcl-2 family members but also proapoptotic proteins in GBM compared to normal astrocytes [122, 123] However, a significant upregulation of prosurvival Bcl-2 and Bcl-X L and downregulation of proapoptotic Bcl-2 associated X protein (Bax) are shown in GBM recurrences after treatment [124] . Therefore, GBM cells appear to actively counteract the proapoptotic events initiated via mitochondria. Nevertheless, several studies indicate that GBM mitochondria can be affected by drugs leading to the anti-tumor effects. Figure 1 . Some of the drugs which could be acting via mitochondria in GBM [107] . Involvement of mitochondria in the mechanism of action of some of the drugs suggested for therapy of GBM. (1) Effect of imipramine and P2Y12 purinergic receptor blocker ticlopidine (TIC) on GBM cells, as described by Shchors et al. [99] . Imipramine and TIC together act synergistically. Imipramine activates Gsα protein-coupled monoamine receptors, which in turn activate adenylate cyclase. Ticlopidine blocks P2Y12 receptor, a Gi protein-coupled purinergic receptor that normally inhibits adenylyl cyclase. eventually, activity of adenylate cyclase increases and cAMP level rises leading to -via EPAC pathway-autophagy and cell death. (2) Dibutyryl-cAMP (dbcAMP) activates phosphoprotein kinase A and across cAMP response element-binding protein (CREB protein) activates the synthesis of Peroxisome proliferator-activated receptor γ (PPARγ) coactivator 1α (PGC-1α) protein. It finally leads to mitochondrial biogenesis, metabolic reprogramming, and tumor cell differentiation [104] . (3) Сlorgyline alone or with TMZ acts as monoamine oxidase A inhibitor and reduces tumor growth [125] . (4) TCA clomipramine and SSRIs directly interact with complex III of respiratory chain, decreasing O2 consumption and stimulating reactive oxygen species generation. Mitochondrial membrane potential is reduced finally resulting in apoptosis [101] . (5) Chlorpromazine interacts with cytochrome c oxidase and reduces its activity, this leads to cell cycle arrest and inhibition of proliferation of GBM cells [126] . (6) Fluoxetine interacts with GluR1 subunit of AMPA receptors, leading to an increase in intracellular Ca 2+ , mitochondrial calcium overload and activation of the intrinsic apoptotic pathway [93] .
Antidepressants and Glioblastoma Multiforme Mitochondria
Antidepressants appear to be one group where the involvement of mitochondria has been considered by many studies (Figure 1) . Daley et al. [101] demonstrated that the TCA clomipramine can cause cell death of human glioma cells without affecting human fetal astrocytes. A toxic effect of clomipramine on GBM cells was evident within 2 hours of exposure, by which time fetal astrocytes exhibited no clear signs of toxicity. However, this effect only became significant with 114 μM of clomipramine, which is improbable in vivo. In that study, clomipramine concentration-dependently decreased oxygen consumption of glioma cells but, again, the lowest concentration used was 140 μM. This was accompanied by a decrease in mitochondrial membrane potential, which is a direct indicator of the activity of oxidative phosphorylation mechanisms. To explain these effects, the authors measured the effect of clomipramine on the activity of mitochondrial complexes I, II, III and IV, isolated from the mitochondria from various organs. The most consistent effect was the inhibition by 25 μM of clomipramine of complex III activity which was approximately the same in mitochondria from different organs (Figure 1) . Importantly, mitochondria were not from GBM cells but were isolated from normal rat tissues. The study also reported activation of caspases which was explained by the insult to the mitochondria caused by clomipramine and the consequent recruitment of the intrinsic pathway mentioned above. On balance, while the study highlights the mitochondria as the Figure 1 . Some of the drugs which could be acting via mitochondria in GBM [107] . Involvement of mitochondria in the mechanism of action of some of the drugs suggested for therapy of GBM. (1) Effect of imipramine and P2Y12 purinergic receptor blocker ticlopidine (TIC) on GBM cells, as described by Shchors et al. [99] . Imipramine and TIC together act synergistically. Imipramine activates Gsα protein-coupled monoamine receptors, which in turn activate adenylate cyclase. Ticlopidine blocks P2Y12 receptor, a Gi protein-coupled purinergic receptor that normally inhibits adenylyl cyclase. eventually, activity of adenylate cyclase increases and cAMP level rises leading to -via EPAC pathway-autophagy and cell death. (2) Dibutyryl-cAMP (dbcAMP) activates phosphoprotein kinase A and across cAMP response element-binding protein (CREB protein) activates the synthesis of Peroxisome proliferator-activated receptor γ (PPARγ) coactivator 1α (PGC-1α) protein. It finally leads to mitochondrial biogenesis, metabolic reprogramming, and tumor cell differentiation [104] . (3) Clorgyline alone or with TMZ acts as monoamine oxidase A inhibitor and reduces tumor growth [125] . (4) TCA clomipramine and SSRIs directly interact with complex III of respiratory chain, decreasing O 2 consumption and stimulating reactive oxygen species generation. Mitochondrial membrane potential is reduced finally resulting in apoptosis [101] . (5) Chlorpromazine interacts with cytochrome c oxidase and reduces its activity, this leads to cell cycle arrest and inhibition of proliferation of GBM cells [126] . (6) Fluoxetine interacts with GluR1 subunit of AMPA receptors, leading to an increase in intracellular Ca 2+ , mitochondrial calcium overload and activation of the intrinsic apoptotic pathway [93] .
Antidepressants appear to be one group where the involvement of mitochondria has been considered by many studies (Figure 1) . Daley et al. [101] demonstrated that the TCA clomipramine can cause cell death of human glioma cells without affecting human fetal astrocytes. A toxic effect of clomipramine on GBM cells was evident within 2 hours of exposure, by which time fetal astrocytes exhibited no clear signs of toxicity. However, this effect only became significant with 114 µM of clomipramine, which is improbable in vivo. In that study, clomipramine concentration-dependently decreased oxygen consumption of glioma cells but, again, the lowest concentration used was 140 µM. This was accompanied by a decrease in mitochondrial membrane potential, which is a direct indicator of the activity of oxidative phosphorylation mechanisms. To explain these effects, the authors measured the effect of clomipramine on the activity of mitochondrial complexes I, II, III and IV, isolated from the mitochondria from various organs. The most consistent effect was the inhibition by 25 µM of clomipramine of complex III activity which was approximately the same in mitochondria from different organs (Figure 1) . Importantly, mitochondria were not from GBM cells but were isolated from normal rat tissues. The study also reported activation of caspases which was explained by the insult to the mitochondria caused by clomipramine and the consequent recruitment of the intrinsic pathway mentioned above. On balance, while the study highlights the mitochondria as the direct target for clomipramine, the effective concentrations of the drug appear to be very high and human fetal astrocytes cannot be seen as an adequate model of postnatal human astrocytes, raising the possibility that such high concentrations of clomipramine could be equally toxic to malignant and healthy cells in living brain. At least the study offers no answer as to why mitochondria in GBM could be more sensitive to clomipramine. It is also not entirely clear why the focus was on the short-term effects (1-3 h) while it could be more relevant to look for the effects of lower concentrations developing over longer time scale. For further discussion of this topic see [102] .
Mitochondria appear to be the ultimate target for the effect of fluoxetine in the study mentioned previously [93] . That study used glioma cell lines C6 (rat) and U87, GBM8401, Hs683 (human). Fluoxetine had a highly non-linear effect on glioma cell lines, decreasing their viability at concentrations 25-30 µM while at 15-20 µM the effect was hardly visible. Fluoxetine evoked strong elevations in intracellular Ca 2+ in GBM cell lines, which was attributed to its ability to directly bind to the R1 subunit of glutamate receptors (GluR1) and activate the receptor. Remarkably, normal rat primary astrocytes in that study were fairly resistant to fluoxetine, which the authors explain by high expression of GluR1 on the cell membrane in GBM but not normal astrocytes. It is unclear, though, why GluR1 expression should lead to a strong Ca 2+ influx because normally Ca 2+ permeability of AMPA receptors which are formed with GluR1 is low. Nevertheless, the study concludes that Ca 2+ overload eventually led to mitochondrial damage and activation of the intrinsic apoptotic cascade.
Interestingly, in another study where the effect of fluoxetine was studied on non-GBM cancer cell lines, mitochondrial calcium overload and cell death were explained by a completely different mechanism [127] . The effects were observed after exposure to 100 µM of fluoxetine, a clearly supra-pharmacologic concentration. Fluoxetine is known to enter and accumulate in the mitochondria and seems to be able to inhibit the respiratory chain directly at these concentrations. This could reduce ATP production, which is required for maintenance of the low intracellular Ca 2+ concentration. Eventually the increased Ca 2+ load was causing direct damage to the mitochondria and release of pro-apoptotic molecules [127] .
Overall, it seems that antidepressants can affect mitochondria in GBM when administered at high concentrations but the explanations for this effect put forward by different groups are inconsistent. It is also worth noting that cytochromes residing in mitochondria are involved in oxidation of numerous molecules and drugs, including antidepressants. One might then ask whether this additional chemical activity, caused by extensive oxidation of xenobiotics, is not the reason these molecules become cytotoxic at sufficiently high concentrations, especially if GBM mitochondria are, indeed, somewhat vulnerable.
Can Differences in Glioblastoma Multiforme Mitochondria Be Used for Targeted Therapy?
Typically, GBM mitochondria produce rather high quantities of reactive oxygen species (ROS) which is a consequence of inefficient coupling and oxidative phosphorylation. As mentioned above, one possible reason for this is the loss of fine tuning between mitochondrial and nuclear genomes which is required for perfect functioning of these semi-autonomous organelles. Temozolomide is a typical alkylating agent which primarily disrupts nuclear DNA making cell vulnerable to all kinds of damaging factors including ROS. Interestingly, however, in TMZ-resistant lines mitochondrial coupling is improved compared to the susceptible lines and ROS production is reduced, which is probably a result of the clonal selection mentioned above. It is likely that any treatment targeted at mitochondria in GBM mitochondria can make tumors more susceptible to TMZ chemotherapy [128] . An example of realization of this concept is the development of cytochrome C oxidase inhibitors with tropism to chemo-resistant GBM cells [129, 130] .
Another interesting idea is based on the high activity of one of the isoforms of monoamine oxidases (MAO), MAO-B in GBM [131] . Monoamine oxidase-B is located on the outer mitochondrial membrane, it is normally highly expressed by astrocytes and oxidizes various amines and other molecules. Activity of MAO-B is also particularly high in glial tumors. The authors generated a pro-drug called "MP-MUS" which can be activated by MAO-B and found that this new molecule was selective to primary human glioma cells but, remarkably, had very little toxicity against normal human astrocytes for which the study used commercially available embryonic cells. Encouraging as they are, these results suffer from the same limitation as many other studies mentioned above, because embryonic astrocytes may not be a close match to the astrocytes and other brain cells which populate the brain in the second half of life.
Summary
In this brief review we have illustrated some of the current ideas for possible re-targeting of currently available drugs to improve the outcomes for the patients suffering from GBM. Glioblastoma Multiforme represents one of the most difficult cancers to attack not only because of its location and the issues of drug penetration through the blood-brain barrier, but also because of the specific molecular and cellular features of this tumor. Unfortunately, being a relatively small market, GBM does not attract enough interest from the pharmaceutical industry. This puts additional pressure on basic researchers to find new, possibly unconventional, approaches which could help offer a better prognosis to the patients. We have also noted, that within the plethora of suggested mechanisms of action for re-targeted drugs and new developments, mitochondria seem to occupy a particularly prominent place. Potentially mitochondria are the weak spot of GBM which could be exploited to find new therapeutic opportunities. 
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